ABSTRACT An extended nonlinear disturbance observer (ENDOB)-based fuzzy sliding mode control approach is proposed for single-input and single-output systems with matched and mismatched uncertainties/disturbances, and it is extended to the general nth order systems. By integrating the mismatched disturbance estimation and its derivative into the sliding mode surface, an ENDOB-based SMC method is developed for these systems. A fuzzy control system is designed to adjust the gain of the sliding mode dynamically. Compared with the nominal SMC method, the proposed method has a stronger anti-disturbance ability in the presence of matched and mismatched uncertainties/disturbances. It can ensure a satisfactory system performance and reduce the chattering. The stability of the system is proved by using Lyapunov theory. The final simulation results of two examples are provided to verify the effectiveness of the proposed control method.
I. INTRODUCTION
The matched and mismatched uncertainties/disturbances widely exist in practical engineering.The matched uncertainties/disturbances mean that the uncertainties/disturbances exist in the same channel as that of the control input; otherwise they would be called mismatched uncertainties and disturbances. In recent years, the control methods of systems affected by uncertainties/disturbances have been favored by researchers [1] - [8] . Compared to other control methods, sliding mode control (SMC) has attracted a significant interest as a successful control strategy for uncertain systems due to its conceptual simplicity, easy implementation, robustness to external disturbances and model uncertainties [9] , [10] . Therefore, SMC has been widely used in many applications such as motion control, process control, etc. However, the conventional sliding mode control exists in the violent chattering phenomenon in the process, which reduces the system performance. Moreover, it can guarantee invariance only if the uncertainties/disturbances satisfy the matching conditions, and it cannot attenuate mismatched uncertainties/disturbances effectively.
Many practical systems such as power systems [11] , electronic systems [12] and motor systems [13] , [14] , are affected by mismatched uncertainties/disturbances. If the sliding motion of conventional SMC is severely affected by the mismatched uncertainties/disturbances, the robustness property of it no longer holds. Algorithms like neural network control [15] , adaptive-based control [16] - [18] , backstepping-based control [19] and integral sliding-mode control [20] , [21] are proposed to handle mismatched uncertainties/disturbances in a robust way, but the price of the nominal control performance is compromised.
As a practical alternative approach, disturbance observerbased control has been proven to be promising and effective in compensating the effects of unknown external disturbances and model uncertainties in control systems, and they don't deteriorate the existing controller [22] , [23] . It could completely remove the non-vanishing disturbances from system as long as they can be estimated accurately [24] .
The magnitude of the discontinuous item may be reduced in SMC and the chatter is likely to mitigate by this combination. Recently, several authors have introduced a disturbance observer (DOB) for SMC to alleviate the chattering problem and retained its nominal control performance [25] , [26] . The idea is to construct the control law by combining the SMC feedback with the disturbance estimation based-feed forward compensation straightforwardly. However, these methods given in [27] and [28] were only available for the matched uncertain systems. A nonlinear extension of DOB has been proposed by W. H. Chen, which estimated matched as well as mismatched disturbances [29] , [30] . A novel sliding-mode control based on the disturbance estimation by using a nonlinear disturbance observer (NDOB) -based SMC in [14] was proposed to deal with mismatched uncertainties, which could ensure the system performance and reduce the chattering. Wang J X investigated an extended state observer (ESO)-based sliding mode control (SMC) approach for pulsing width modulation-based DC-DC buck converter systems subject to mismatched disturbances, which obtained a better disturbance rejection ability even if the disturbances did not satisfy the so-called matching condition.
In this paper, aiming to improve the performance of the system affected by matched and mismatched uncertainties/ disturbances, a novel nonlinear control scheme is proposed, and the fuzzy sliding mode control scheme is integrated with ENDOB. By fully taking the estimation value of uncertainties/disturbances into account, a new sliding-mode surface is designed, which is not only insensitive to matched uncertainties/disturbances, but also to the mismatched ones. A fuzzy control system is designed, which can adjust the gain of the sliding mode dynamically, weaken the chattering phenomenon and improve the robustness of the system. In this paper, the contributions are listed as follows:
i) A recent result on sliding mode control for general nth order systems with matched and mismatched uncertainties/disturbances is proposed in this paper.
ii) The proposed method exhibits the properties of nominal performance recovery and chattering reduction as well as excellent dynamic and static performance when compared with the traditional SMC.
The rest of the paper is organized as follows: the problem of conventional sliding mode controller design with mismatched and matched uncertainties/disturbances for a class of system is stated in Section II. For tackling the matched and mismatched uncertainties/disturbances, the extended nonlinear disturbance observer-based fuzzy sliding mode control is derived, and generalization controller is given for nth order system in Section III. The simulation results are presented in Section IV, followed by some concluding remarks in Section V.
II. PROBLEM STATEMENT
Consider a class of nth order single-input single-output dynamic system with matched and mismatched uncertainties/ disturbances, and the system is depicted as follows:
. . .
T is the state vector, u is the control input, y is the controlled output. The system has disturbances in all channels. The uncertainties/disturbances d i (t) for i = 1, · · · n − 1 are unmatched, while the uncertainty/disturbance d n (t) is matched. a(x) and b(x) denote smooth nominal functions.
Taking a second-order system as an illustration, we can get the control model of the system:
The sliding mode surface and control law of the traditional SMC is usually designed as follows:
where k 1 > 0 is a design constant, η 1 > 0 is the switching gain to be designed. Taking the derivative of (3), and combining (2) and (4), we can give the follow equatioṅ
Equation (5) can be concluded that the states of system (2) will reach the sliding mode surface s 1 = 0 in finite time if the switching gain η 1 in the control law (4) is devised such that η 1 > d * . Once the nominal sliding surface s 1 = 0 is reached, the sliding motion is obtained and given bẏ
Remark 1: Equation (6) implies that if the d 1 (t) = 0, the system states can be driven to the desired equilibrium point, which implies that the conventional SMC is insensitive to matched uncertainties/disturbances. However, in the existence of mismatched uncertainty/disturbance d 1 (t) = 0, the system state x 1 is affected by the mismatched uncertainty/disturbance and does not converge to zero in finite time although the control law can force the system states to reach the sliding-mode surface in a finite time. To this end, it is an essential reason why the nominal SMC design is only insensitive to matched uncertainties/disturbances but sensitive to mismatched uncertainties/disturbances.
III. MAIN RESULTS
In this paper, the problem of designing sliding mode controller for the rejection of matched and mismatched uncertainties/disturbances is considered for the system (1). A novel sliding mode controller based on ENDOB is proposed by the following two steps. First, an ENDOB is employed to estimate the matched and mismatched uncertainties/disturbances. Then, a novel fuzzy sliding mode controller is designed for the system based on the VOLUME 7, 2019 FIGURE 1. Control structure of second-order system. uncertainties/disturbances observation. The control structure of the second-order system is designed as Fig. 1 .
Assumption 2: The uncertainty/disturbance d i (t) is continuous, and it satisfies:
where ω i is a positive number.
A. ENDOB-FSMC DESIGN FOR 2th ORDER SYSTEM
ENDOB of second-order system (2) can be designed as [31] : 
Assumption 3:
e di and satisfieṡ
Theorem 1: Considering the above system (2), we proposed sliding-mode surface (9) and designed control law as follows:
where k 2 is a positive constant. Suppose the second-order system satisfies assumption 1 and 2, if the switching gain is chosen such that η 2 > sup t>0 |k 2 e d1 + e d2 |, then the closed-loop system is asymptotically stable. Proof: Consider a candidate Lyapunov function as
Taking derivative of V in (11), we obtain thaṫ
Substituting (10) into (2), it yieldṡ
Substituting (13)and (10) into (12), yieldṡ
It can be derived fromV 1 (14) that the system states will reach the defined sliding surface s 2 = 0 in finite time when η 2 > sup t>0 |k 2 e d1 + e d2 |. The condition implieṡ
With this result, it can be derived that system (15) is ISS. According to Lemma 1, we know that the system states satisfy lim t→∞ e d1 (t) = 0 and lim t→∞ x 1 (t) = 0. This implies that the system states can converge to the desired equilibrium point along the sliding surface asymptotically under the proposed control law. This completes the proof.
To ensure the stability of closed-loop system, the value of the sliding mode gain η 2 obtained by the fuzzy processing is greater than sup t>0 |k 2 e d1 + e d2 |. The same is true of the sliding mode gain η n .
The value of sliding mode gain tends to be a constant given by experience in the traditional sliding mode control, while the changeless constant may increase the chattering problem. In this paper, fuzzy rules are used to estimate the sliding mode gain effectively according to the sliding mode arrival conditions. The disturbance term is eliminated by sliding mode gain, which can weaken chattering effectively. The input variable of fuzzy control system are s andṡ, and the output variable is η 2 . If sṡ > 0, then η 2 should be increased. If sṡ < 0, then η 2 should be reduced.
Define the domains of input and output variables as −3 3 , fuzzy language of input variables as NB (negative big), NM(negative middle), Z(zero), PM(positive middle), PB (positive big), and fuzzy language of output variables as NB(negative big), NM(negative middle), NS(negative small), Z(zero), PS(positive small), PM(positive middle), PB(positive big). If the condition of inequality sṡ < 0 is satisfied, then the parameter η 2 can be designed. The control rules obtained are shown in Table 1 . The input of fuzzy controller has 5 fuzzy subset, and the output has 7 fuzzy subset. The Mamdani fuzzy reasoning algorithm and the gravity center method are used to make the decision of anti-fuzzification. The membership functions of input and output are shown in Fig. 2 . 
B. AN ENDOB-FSMC DESIGN FOR nth ORDER SYSTEM
The estimation of disturbance d i and its derivative are expressed as follows:
where, auxiliary variable are defined as follows:
The estimation of matched disturbance d n and its derivative are expressed as follows:
A sliding mode manifold for (1) is designed as:
Theorem 2: Considering the above system (1) with matched and mismatched uncertainties/disturbances, we proposed sliding-mode surface (20) and designed control law as follows:
where, k n is a positive constant. Suppose the second order system satisfies Assumptions 2 and 3, if the switching gain is chosen such that η n > sup t>0 k n e d1 + n i=2 e di , then the closed-loop system will be asymptotically stable.
Proof: The Lyapunov function can be designed as follows:
Taking derivative of V n in (22), we obtain thaṫ
Substituting (21) into (23), it yieldṡ
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It can be derived fromV n (24) that the system states will reach the defined sliding surface s n = 0 in finite time when
e di . The condition s n = 0 implies:
We can define:
The system (25) is given by:
Formula (27) can also be expressed as:
where
we can get:
According to the principle of Hurwitz matrix, it can design A as a Hurwitz matrix by selecting the k n . Taking
as an input of system (27) , and according to Lemma 1, we get that system (27) is ISS. From the definition of ISS, which the state of system (27) converges to zero as t → ∞, which is lim t→∞ x 1 (t) = 0. This implies that the system states can converge to zero along the sliding surface asymptotically under the proposed control law. This completes the proof.
Since the discontinuous switching characteristics of sgn function are likely to cause chattering, traditional sgn function is replaced by the hyperbolic tangent function to reduce chattering. The hyperbolic tangent function is expressed as:
The curve is shown in Fig. 3 : 
IV. SIMULATIONS
To evaluate the effectiveness of the proposed method, two examples are given below.
A. NUMERICAL EXAMPLE 1: THIRD-ORDER SYSTEM
Considering three-order system with uncertainties/ disturbances, the mathematical model of nonlinear system is expressed as follows:
The mismatched uncertainties/disturbances are as follows:
Matched disturbance d 3 = 1 is imposed on the system at 10 second. The control parameters are listed in TABLE 2. A sliding mode manifold for 3th order system is designed as:
The control law is designed as follows:
The fuzzy control system can adjust the gain η 3 of the sliding mode dynamically, which weaken the chattering phenomenon. However, when the mismatched disturbance d 1 is imposed into the system at 20 second, the system state curves of the conventional sliding mode control becomes worse and the ability of disturbance rejection is gone at 30 second. Nevertheless the proposed method has strong robustness for mismatched disturbances. The system state of this paper has a better suppression ability in the presence of mismatched disturbance, and the method proposed in this paper can achieve better suppression ability for the periodic disturbances.
The reference and estimation uncertainties/disturbances of the system are shown in Fig. 5 . It can be seen from Fig. 5 that the proposed observer has a better estimation performance of the disturbance.
B. APPLICATION TO PMSM SPEED CONTROL SYSTEM
The permanent magnet synchronous motor (PMSM) dynamic equation under the d-q coordinates frame can be expressed as 
J . ω is the rotor angular velocity. p is the number of pole pairs. ψ f is the flux linkage. T L is the load torque. B is the viscous friction coefficient. J is the moment of inertia.
The state variable of speed error is defined as x 1 = ω ref − ω, and its derivative is as follows:
where, ω ref is the reference speed signal. Taking parameters uncertainty into account, equation (35) can be expressed as follows: The second-order model of speed error derivative dynamic equation of PMSM system is described bẏ
Taking the parameters uncertainty into account, Equation (37) can be expressed as follows:
The second-order model of PMSM speed regulation system can be represented in the following state-space form:
The sliding mode manifold and control law are designed as (9), (10) . The fuzzy control method can regulate the gain η 2 of the sliding mode dynamically, so that the system has fast dynamic response and good tracking effect when the speed of rotor varies.
The parameters of the PMSM are given as follows: L d = L q = 0.005 H , Rs = 1.62 , ψ f = 1.608 wb, p = 2. The control parameters of the two control methods are listed in Table 3 . The simulation results are shown in Figs. 6-8 . Fig. 6 depicts the reference/actual speed rising from 30 rad/s to 50 rad/s at 10 second, and 50 rad/s to −30 rad/s at 20 second. It can be seen from the Fig. 6 that the proposed method possesses a faster speed and more smooth transition than the conventional SMC method. The load torque T L = 3 N .m is added to the PMSM at 10 second and removed from the system at 15 second. Corresponding curves of the rotor speed are shown from Fig. 7 . It is evident that the proposed control method achieves better tracking performance in the presence of external load torque variations. The responsing curves of speed under the proposed method in the presence of parameters variation are shown in Fig. 8 . The moment of inertia is 2J at 10 second, and 1.5J at 15s, respectively. It can be observed from Fig. 8 that the proposed method is insensitive to mismatched uncertainty and has fine robustness performance.
V. CONCLUSION
In this paper, the matched and mismatched uncertainties/ disturbances rejection problem has been studied for the second-order and nth order systems. A novel ENDOB-based FSMC approach has been proposed, which not only makes the states of closed-loop system have a better tracking performance, but also weaken chattering phenomenon and enhance the disturbance attenuation. Two simulation examples are conducted to verify the effectiveness of the proposed method.
